Introduction

27
The European Union recently set three ambitious objectives for its energy policies: by the year 2020, the 28 total energy consumption and the Greenhouse Gas emission have to be cut by 20%, and 20% of the total 29 energy consumption should be covered by Renewable Energy Sources (RES) [1] . Italy has already achieved 30 its national target in 2014, with 38.6% of the electricity and 18% of the heat production provided by RES [2] , 31 one of the best performances among EU Member States [1] . To achieve further improvements in alignment 32 with Roadmap 2050 [3] , efforts should now concentrate on heat production, for which the most adopted 33 RES are ligneous biomass (68.9%) and heat pumps (25.8%) [2] . A further expansion of biomass heating is 34 hardly sustainable, due to its impact on air quality [4, 5] . On the other hand, heat pumps have zero 35 emissions on site and reduce GHG emissions up to 90% compared to fossil fuel burners, depending on the 36 energy mix adopted for the production of electricity [6, 7] . In Italy, about 60% of the total production of 37 electricity is covered by fossil fuels, with an emission factor of 326.8 g CO 2 /kWh [8] ; the consequent 38 reduction of CO 2 production, according to Saner et al. [7] , is of about 50% compared to a methane boiler. 39
Heat pumps are divided into two main categories: Air Source (ASHP) and Ground Source (GSHP). The main 40 advantage of GSHPs compared to ASHPs is the higher COP, thanks to the lower temperature difference 41 between the heat source (ground or groundwater) and sink (heating/cooling terminals) [9] . GSHPs have 42 proved to be a cost-effective solution for a wide range of buildings, despite the additional expense for the 43 installation of the ground heat exchangers . 44
GSHPs in Italy still account for only 0.1% of the total thermal energy production [2] . However, a 45 continuously increasing trend has been observed in recent years (+13% in 2013), and a strong rise is 46 expected for the next 10-15 years [10, 11] . The high cost of installation is widely acknowledged as a limiting 47 factor for the increase of heat pump installations and, particularly, for geothermal heat pumps. In Italy, 48 another major barrier is the high cost of electricity for domestic supply, compared to the relatively low cost 49 of methane [12] . As a consequence, compared to other countries, a lower saving margin is achieved for 50 heat pumps against fossil-fuelled boilers. The problem of the higher cost of installation has been addressed 51 introducing a strong tax refund (65%) on energy retrofit works of existing buildings, among which GSHPs 52 are included [13] . 53
The lack of homogeneous and targeted regulation is another barrier for the growth of shallow geothermal 54 energy in Italy [14] . This absence of regulation has been partially filled with voluntary schemes and 55 standardization [15] , such as the recent UNI standards for GSHPs [16] [17] [18] . 56
A final problem is that the technology and the potential of shallow geothermal energy are still little known 57 in most EU countries. A number of EU-funded projects have been conducted in recent years to disseminate 58 knowledge on GSHPs with training events, workshops, and case studies [19] [20] [21] . These projects raised the 59 different stakeholders' awareness of the potential applications of shallow geothermal energy. 60 However, the suitability of different territories for GSHPs needs to be studied on the small scale, since it 61 depends on site-specific parameters and on the technology adopted [22] [23] [24] . A commonly adopted 62 indicator is geothermal potential, which is defined in different ways, but can generally be identified as the 63 capacity of the ground/aquifer to provide heating and/or cooling [25] [26] [27] [28] [29] [30] [31] . Some projects have already been 64 conducted in Italy to assess shallow geothermal potential. Busoni The aforementioned studies provide a methodological basis for the work presented in this paper. Here, the 76 shallow geothermal potential in the province of Cuneo (Piedmont, NW Italy) is assessed and mapped. The 77 geological and hydrogeological setting of this territory is studied, and a conceptual model is provided to 78 correlate this setting with ground thermal parameters. These are the input for the estimation of the closed- 
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The total population is 592,060 inhabitants, of which 35% live in the county seat Cuneo (56,113 inhabitants) 91 and 6 other main towns in the plain (Alba, Bra, Fossano, Mondovì, Savigliano and Saluzzo) of 15,000 to 92 30,000 inhabitants. The rest of the population mostly lives in rural villages on the plain, while a small part 93 lives in the mountains and the hills. 94
In this chapter, the province of Cuneo is described from the climatic, geologic and hydrogeological points of 95 view, and data is provided for the assessment of the shallow geothermal potential. 96
Climate
97
Cuneo is characterized by a continental climate with a cold winter and a mild summer, as reported in Fig.  98 2A. Although the distance from the sea is quite short (30÷100 km), a weak influence of the Mediterranean 99 sea is observed, due to the isolating effect of the Alpine chain. The total rainfall varies widely, from 100 700÷900 mm/y in the hills of Langhe and Roero to 900÷1200 mm/y in the plain and in the mountains [32] . 101
The annual mean air temperature is strongly correlated with the ground elevation, as shown in Fig. 2B , 102 ranging from -3.1°C to +13.2°C [33] . The climate of Cuneo and its province is therefore one of the coldest in 103
Italy, thus influencing the distribution of the heating degree-days (Italian DPR 412/1993 [34] ). 66% of the 104 population lives in climate zone E (2400÷3000 heating DD) and 34% lives in climate zone F (>3000 DD). As a 105 consequence, the expense for house heating is one of the highest in Italy, while almost 90% of homes have 106 no chilling plant [35] . 107 
Geology
113
The mountainous portion of the territory surveyed is located on the boundary between the Helvetic and 114 the Penninic domains of the Alps [36] and, according to the geological map of Piedmont [37] reported in 115 For closed-loop systems it is defined, according to G.POT [27] , as the yearly average thermal load that can 155 be exchanged with the ground by a BHE with a length , coping with a minimum/maximum temperature 156 threshold of the heat carrier fluid. A limit is therefore imposed to the thermal alteration of the heat carrier 157 fluid, which mostly depends on the thermal parameters of the ground and, to a lesser extent, on the 158 characteristics of the BHE itself [22] . 159
On the other hand, heat transport in GWHPs mostly depends on the hydrodynamic parameters of the 160 aquifer, while thermal conductivity has a minor impact on the heat diffusion into the aquifer [41] . The 161 efficiency of these systems can be impaired by thermal recycling, which should be considered in the design 162 phase using analytical or numerical models [24, 42] . Another important aspect of the design of GWHPs is 163 the propagation of thermal plumes downstream the injection well, with a negative impact on drinking 164 water wells or other geothermal installations. These issues are more likely in large cities with a high density 165
of GWHPs [43, 44] , rather than in a scarcely populated territory such as the province of Cuneo. Both the 166 issues of thermal recycling and thermal plume interference should be evaluated with consideration to 167 specific plants and setups, and hence a large-scale assessment is not feasible. On the other hand, the 168 alteration of hydraulic heads due to water extraction and injection mainly depends on the aquifer's 169 properties. A point-wise evaluation was therefore performed, based on available data on the hydrodynamic 170 parameters of the unconfined aquifers. The maximum flow rate to be sustainably abstracted and injected 171 was estimated and, from this value, the peak thermal power was derived. Differently from G.POT, the 172 evaluation of open-loop geothermal potential did not consider a thermal load profile, but a peak value. 173 Indeed, the evaluation of time-varying thermal loads would require complex and time-consuming 174 numerical simulations for each point reported on the map, which is not feasible at this scale. 175
The considerations reported above are the conceptual basis for the assessment and mapping of the 176 geothermal potential for BHEs and GWHPs, which is described in this chapter. 177 For thermal conductivity and thermal capacity, two different approaches were adopted: 221 -homogeneous values were adopted for compact rocks, both metamorphic (gneiss, serpentinite) 222 and sedimentary (marls, sandstones, limestones); 223 -a depth-averaged value has been chosen for alluvial aquifers in the plain, considering the different 224 thermal conductivity of the vadose and the saturated zone (see Tab. 2). The depth to water table  225 was used to determine the thickness of these two layers. 226
The maps of ground thermal conductivity and capacity are reported in the Supporting Information. 227 The ground temperature is almost constant through the year and slightly higher than the annual mean air 235 temperature [30, 46] , which is strongly correlated with the elevation (Fig. 2) . A few data are available on 236 the subsurface temperature in the province of Cuneo, measured in a number of water wells in the plain 237 [31, 47] , while no measures are available for the hilly and mountainous parts. An empirical correlation with 238 the ground elevation was therefore used, which was calibrated against ground temperature measured in 239
Switzerland [48]. The regional DTM of Piedmont was used as an input for ground elevations [49] . Ground 240 temperatures were not estimated above 1500 m a.s.l. where, according to Ref.
[48], the correlation is not 241 valid since the snow cover alters the thermal exchange between the air and the ground. About 25% of the 242 total area of the province of Cuneo, but less than 1% of the total population, was therefore excluded from 243 the evaluation of the ground temperature and hence of the geothermal potential. 244
The map of the closed-loop geothermal potential is shown in Fig. 5Errore. L' The drawdown in the production well and the rise in the reinjection well are calculated without considering 284 their mutual interference. This is a conservative assumption, since the drawdown induced by the extraction 285 well partially compensates the level rise due to the injection well, and vice versa. 286
The maximum allowed abstracted ( ) and injected ( ) flow rates were calculated with Eq. 6 imposing, 287 respectively, a maximum drawdown (Eq. 7) and a maximum level rise (Eq. 8). , see Eq. 10). Reinjection 315 proves a strong limiting factor for the installable thermal power of GWHPs, as shown in Fig. 6B , due to the 316 low depth to water table of the northern and eastern sectors of the Left Stura Bank, and of most of the the geothermal potential in the Left Stura Bank (Fig. 4B ) due to the progressive reduction of the water table  319 depth and hence of the injectable flow rate. This issue can be overcome adopting multiple injection and 320 extraction wells, or other reinjection techniques such as ponds or trenches [58] . 321
Groundwater chemistry is another important design issue for of GWHPs. According to Rafferty (1999, [59] ), 322 scale formation can occur in the thermal exchange circuit for water carbonate hardness higher than 10°F. 323
This threshold is usually not respected in the unconfined aquifer in the province of Cuneo, with most values 324 ranging between 20°F and 40°F [38, 60] , and hence the use of secondary heat exchange circuit is strongly 325 advised. 
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